All the iron-based superconductors identified to date share a square lattice composed of Fe atoms as a common feature, despite having different crystal structures. In copper-based materials, the superconducting phase emerges not only in square lattice structures but also in ladder structures. Yet iron-based superconductors without a square lattice motif have not been found despite being actively sought out. Here, we report the discovery of pressure-induced superconductivity in the iron-based spin-ladder material BaFe 2 S 3 , a Mott insulator with striped-type magnetic ordering below ~120 K. On the application of pressure this compound exhibits a metal-insulator transition at about 11 GPa, followed by the appearance of superconductivity below T c = 14 K, right after the onset of the metallic phase. Our findings indicate that iron-based ladder compounds represent promising material platforms, in particular for studying the fundamentals of iron-based superconductivity.
. All the iron-based superconducting materials discovered to date share the same structural motif: a two-dimensional square lattice formed by edge-shared FeX 4 tetrahedra (X = Se, P and As). The Fe atoms are nominally divalent in most of the parent materials. These parent compounds undergo a magnetic transition at low temperatures, typically exhibiting striped-type ordering.
Superconductivity appears when the magnetic order is fully suppressed by the application of pressure or by the addition of doping carriers through chemical substitution. Based on an itinerant model, the striped-type magnetic ordering is stabilized by Fermi surface nesting and the associated antiferromagnetic fluctuations induce a superconducting state with so-called s ± wave symmetry [2] [3] [4] . However, there is still significant disagreement concerning the degree of electron correlation in iron-based superconductors 5 , sparked by the discovery of the 245 system, A 2 Fe 4 Se 5 (A = K, Rb and Cs) [6] [7] , in which superconductivity emerges in the vicinity of the Mott insulating state with block-type antiferromagnetic ordering.
Iron-based ladder materials
AFe 2 Se 3 (A= Ba, K and Cs) crystallizes in a quasi-one-dimensional structure consisting of ladders formed by edge-shared FeSe 4 tetrahedra with channels occupied by A atoms, as shown in Fig. 1a [8] [9] [10] [11] [12] [13] [14] [15] [16] . These compounds all exhibit unique magnetic ordering. The magnetic structure of BaFe 2 Se 3 is block-type, in which the magnetic moments form Fe 4 ferromagnetic units which stack antiferromagnetically along the leg direction of the ladder [12] [13] [14] in a one-dimensional analogue of the block magnetism observed in the 245 system. In contrast, the magnetic structures of the AFe 2 Se 3 (A = K and Cs) are of the stripe-type, in which the magnetic moments couple ferromagnetically along the rung and antiferromagnetically along the leg direction [13] [14] [15] [16] . This magnetic structure represents a one-dimensional analogue of the stripe magnetism observed in 1111 (e.g. LaFeAsO) and 122 (e.g. BaFe 2 As 2 ) systems. Since these spin-ladder materials exhibit various magnetic structures similar to those of the iron-based superconductors, they can themselves be considered as potential superconductors. To date, however, they have shown only insulating characteristics with regard to their electrical resistivity, and have not yet been demonstrated to exhibit a metallic state.
Purpose of this study
The application of pressure is often a useful means of changing the electronic structure of a compound so as to induce a metallic state without simultaneously introducing any degree of disorder 17 . In this study, we investigated in detail the magnetic properties of a sulphur-analogue of the Fe-based ladder materials, BaFe 2 S 3 (space group: orthorhombic, Cmcm) 18, 19 , and undertook experimental trials in which this compound was subjected to high pressures to obtain the metallic state. The electronic properties of this material depend on the manner in which the samples are synthesized, and thus we present data for sample 1 describing magnetic properties, and data for a range of samples 1 to 6 describing high-pressure effects. The details of the sample preparation process are given in the Method section.
Electronic properties under ambient pressure
Figure 2a displays the temperature dependence of the electrical resistivity (ρ) of BaFe 2 S 3 along the leg direction under ambient pressure. The observed insulating behaviour, which occurs despite the expected metallic behaviour in an unfilled 3d manifold, is caused by the Coulomb repulsion between Fe 3d electrons, which becomes prominent in a quasi-one-dimensional ladder structure. Figure 2b shows the magnetic susceptibility (χ) at 5 T along the three orthorhombic principal axes. These χ curves show a decrease in magnitude on cooling, which markedly contrasts to the Curie-Weiss behaviour typically observed in localized spin systems. This unique feature is reminiscent of the χ curves of the 1111 and 122 systems of iron-based superconductors 1, 20 , and is possibly caused by a gradual evolution of antiferromagnetic correlations. On further cooling, anisotropy in χ emerges below T N = 119 K, indicating long-range antiferromagnetic ordering. The smaller χ values found along the a-axis compared with χ values along the other two axes is persuasive evidence that the antiferromagnetic magnetic moments are aligned along the rung direction.
Magnetic structure
To examine the magnetic structure below T N , high-resolution powder neutron diffraction measurements were carried out. The details of the determination of magnetic structure are provided in the Supplementary Information ( Supplementary Fig. 1 , Tables 1 and 2 1, 20 . The ladder-type AFe 2 Se 3 (A = K and Cs) also possess stripe-type structures, although in the case of these materials the moment direction is instead parallel to the leg 13, 16 . On warming, the magnetic moment disappears at 119 K as shown in Fig.   2c , which corresponds to T N determined by the magnetic susceptibility measurements shown in Fig. 2b . The nature of the magnetic phase transition is discussed on the basis of the specific heat and the Mössbauer spectra in the Supplementary Information ( Supplementary Figs 2 and 3 ).
Pressure-induced superconductivity
Intrigued by the fairly small electrical resistivity shown by BaFe 2 S 3 even in the Mott insulating state, together with the resemblance of its magnetic structure to that of iron-based superconductors, we assessed its superconductivity under high pressure generated in a diamond anvil cell (DAC) and a cubic anvil press. Figures 3a and 3b show the resistance (R) values obtained under pressures up to 13 GPa for sample 1 using DAC. On the application of pressure, the insulating characteristics are gradually suppressed and the R curve exhibits a metal-insulator transition between 10 and 11 GPa.
The R plot at 11 GPa clearly shows a sudden decrease in resistance around 13 K and this feature is attributed to a superconducting transition, based on two observations. Firstly, as shown in Fig. 3c , the R curve at 11.5 GPa shifts to the low-temperature side on the application of a magnetic field up to 7 T: the T c values as a function of the magnetic field (H) is shown in the inset of Fig. 3c , where dT c /dH ~ -3.8 K/T. Secondly, the R curve also shifts to the low-temperature side with increases in the electric current, as seen in Fig. 3d . The lack of a measurement of zero resistance could be due to technical limitations inherent in the experimental apparatus, since fully symmetric hydrostatic compressive stress could not be applied inside the DAC when using a solid pressure-transmitting medium. The value of T c was determined as illustrated in Fig. 3b .
High-pressure experimental trials using DAC were performed once for samples 2, 3 and 5 and twice for samples 1 and 4, and these confirmed that the onset of superconductivity is reproducible, with the exception of one trial for sample 2(Supplementary Figs 4 and 5).In addition, Fig. 3e shows the R plot for sample 6 at 13.5 GPa measured using cubic anvil press and glycerine as the liquid pressure-transmitting medium. Zero resistance is clearly observed below about 15 K. Fig. 3f shows ac susceptibility for sample 5 at 14.5
GPa. The diamagnetic signal is observed below about 13 K. Based on the diamagnetic signal from Pb which is observed below 5 K, the shielding volume fraction of BaFe 2 S 3 is about 64% at 5 K. These data from the measurements in the cubic anvil press indicate that this superconductivity has a bulk origin. The pressure dependencies of T c for all the samples are summarized in Fig. 4b , in which T c is seen to describe a dome shape with a maximum T c of 17 K at 13.5 GPa.
Crystal structure under high pressure We subsequently investigated the crystal structures under high pressure to acquire additional information concerning the microscopic mechanisms of the metal-insulator transition and the appearance of superconductivity. The X-ray powder diffraction patterns acquired under pressure did not show definite signs of structural transition (Supplementary Fig. 6 ), indicating that the superconductivity appears in the ladder structure. Tiny impurity peaks designated by * symbols are seen in the powder X-ray diffraction patterns ( Supplementary Fig. 6 ), which may be attributed to unknown inclusions inside the single crystal. The presence of superconducting FeSe can be ruled out, because the impurity peaks do not match those of FeSe. Also, the large volume fraction of the superconducting phase from the ac susceptibility measurements demonstrates that the superconductivity of BaFe 2 S 3 is of bulk origin. Figure 4a shows the pressure dependencies of lattice constants at 300 K, normalized to the ambient pressure values. Here the b axis perpendicular to the ladder layer is seen to be the most compressible and it is likely that anisotropic compression makes the system more metallic by increasing transfer of the Fe 3d electrons across the inter-ladder bonds. In this sense, the observed metal-insulator transition is categorized as a bandwidth-control-type Mott transition. We could not acquire information concerning the magnetic ordering under high pressures although, considering the general trend in the iron-based and copper-based superconductors in which magnetic ordering is suppressed with the application of pressure, it is reasonable to assume that the increased conductivity disturbs the magnetic ordering in BaFe 2 S 3 . The superconductivity likely emerges in the vicinity of the quantum critical point associated with both charge and spin fluctuations.
Comparison with copper-based ladder superconductors
It is clear that BaFe 2 S 3 represents a new series of iron-based superconductors, even though the anionic element, S, differs from the elements Se, P and As found in the known iron-based superconductors. Our finding of superconductivity on the verge of the Mott transition is additional evidence of the important role that the electron correlation effect plays important roles in iron-based superconductors and should stimulate further theoretical analysis [21] [22] [23] [24] [25] . The d wave symmetry of the superconductivity is theoretically predicted in the ladder compounds, and is distinct from the common s ± wave symmetry of the two-dimensional square lattice structures 22 . From the structural point of view, High-pressure experiments. High-pressure resistivity measurements were carried out by a standard dc four-probe method using a diamond anvil cell (DAC) and a cubic anvil press. A DAC made of CuBe alloy was used for electrical resistance measurements at pressures up to 30 GPa. The sample chamber was filled with powdered NaCl as the pressure-transmitting medium, using a rhenium gasket, and thin (10 µm thick) platinum ribbons were used as leads for the standard dc four-probe analysis. To check the bulk superconductivity, electrical resistance and magnetic susceptibility measurements were performed using the cubic anvil press, in which the sample chamber was filled with glycerine as the pressure-transmitting medium.
Neutron diffraction profiles of BaFe 2 S 3 and their analysis
Powder neutron diffraction measurements were performed using crushed crystals of BaFe 2 S 3 sample 1. The obtained diffraction patterns are well fit based only on BaFe 2 S 3 , as shown in Fig. S1 . Consistent with an earlier report 18 , the crystal structure is precisely consistent with the orthorhombic space group Cmcm. Table S1 summarizes the structural parameters at T = 295 K determined by Rietveld refinement using the FullProf suite. 31 Additional magnetic reflections appear in the data below 110 K and all magnetic peak positions can be indexed by a propagation wave vector, q m = (1/2, 1/2, 0). We employed group theory analysis to identify the magnetic structure that is allowed by symmetry.
Basis vectors (BVs) of the irreducible representations (irreps) for the wave vector were obtained using the SARAh code. 32 There are four irreps in total, and each irrep consists of three BVs giving either parallel or antiparallel relationships between uniaxial magnetic moments along one crystallographic axis, as shown in Table S2 . We initially sorted out all BVs by comparing χ 2 -factors and found ψ 1 had the best fit with χ 2 = 4.5.
The second best refinement was achieved using ψ 2 with 4.7, and the others poorly described our data (χ 2 > 8). These two BVs have stripe-type magnetic structures, the only difference being the moment direction; ψ 1 along the a and ψ 2 along the b. We subsequently assumed that the magnetic structure could be represented by multiple BVs belonging to the same irrep and then tested the application of various combinations of BVs in Γ 1 . The analysis with a combination of ψ 1 and ψ 2 , however, did not improve the quality of the fit. Therefore we concluded that the magnetic structure of the material is of stripe type with magnetic moment direction along the a axis. This is consistent with the susceptibility data showing that the magnetic easy-axis is along the a axis. The data at T = 4 K together with the Rietveld refinement incorporating ψ 1 are depicted in Fig.   S1 .
Specific heat of BaFe 2 S 3
Specific heat measurements were performed for BaFe 2 S 3 sample 1 using a Physical
Properties Measurement System (Quantum Design). As can be seen from We calculate the θ D value of 244 K, which is larger than the values previously reported for AFe 2 Se 3 (A = Cs and Ba), owing to the lower atomic mass of S compared to Se 14, 16 .
In our analysis, we were unable to acquire useful information concerning magnons, which likely contribute to the low-temperature specific heat.
Mössbauer spectra of BaFe 2 S 3.
57 Fe Mössbauer spectra were acquired at temperatures down to 9 K, using crushed crystals of BaFe 2 S 3 sample 1. The temperature evolution of the spectra is shown in Fig.   S3a . At room temperature, the spectra can be well described by one quadrupole split Even though the temperature dependence of the resistivity at ambient pressure does not exhibit an overly strong dependence on the synthetic procedure, a wide variation is seen in the resistivity values obtained under high pressure, as presented in Figs. S5a-5f. In all cases, the metal-insulator transition was observed around 10 GPa. In addition, superconductivity was observed for samples 1, 3, 4, 5 and 6, even though it was difficult to observe zero resistance for diamond anvil cell (DAC) measurements owing to the solid pressure-transmitting medium used in these measurements. The zero resistance is seen in sample 6 using cubic anvil press, as shown in Fig. 3e . The T c values also show a slight variation: the maximum T c 's are 15, 15.5, 17.5 and 14 K for samples 1, 3, 4 and 5, respectively. Interestingly, we did not observe superconductivity in sample 2, likely because randomness due to the Fe deficiency disallows the superconducting state.
Difference between high-pressure experiments using diamond anvil cell and cubic anvil press
While we could clearly observe the zero resistance in high-pressure experiments using cubic anvil press, we could not observe zero resistance in high-pressure experiments using DAC. We here explain the reason. The difference is likely relevant to the non-hydrostatic pressure conditions generated in DAC using solid pressure transmitting medium, NaCl. The sample is compressed in one axial direction inside the pressure transmitting medium. We consider superconductivity of this material is very sensitive to external stress due to the one-dimensional nature, and non-hydrostatic condition easily deteriorates the superconducting paths. When the cubic anvil press is used, the sample is placed in a Teflon capsule with a liquid transmitting medium, glycerine. The Teflon cell was placed in a cubic-type gasket made of MgO. The cubic gasket is compressed equally in three axial directions. Nearly hydrostatic pressure can be realized even at low temperature and high pressure in it. Then, the zero resistance could be observed.
X-ray diffraction profiles under pressure
We performed X-ray diffraction analyses under high pressure at BL-18C at the Photon Factory and the resulting patterns are shown in Fig. S6 . No definite structural phase transition was observed during these measurements, even at temperatures down to 10 K.
This indicates that the superconductivity occurs while the material is in the ladder structure. The estimated lattice parameters are provided in 
